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Abstract Problem: coupling with CPU process. An accelera-
tor needs dostingCPU process to manage its (separate)
We advocate the use of high-level OS abstractionsBRysical memory, and invoke computations; the accelera-
heterogeneous systems, such as CPU-GPU hybrids. e state is associated with that process.
suggest the idea of aimter-device shared file system Implication 1: no standalone applicationsOne can-
(IDFS) for such architectures. The file system prawot build accelerator-only programs, thus making modu-
vides a unified storage space for seamless data shalaigoftware development harder.
among processors and accelerators via a standard weltnplication 2: no portability. Both the CPU and the
understood interface. It hides the asymmetric natuaecelerator have to match program’s target platform.
of CPU-accelerator interactions, as well as architecturebmplication 3: no fault-toleranceFailure of the hosting
specific inter-device communication models, thereby fprocess causes also state loss of the accelerator program.
cilitating portability and usability. We explore the desig Implication 4: no intra-accelerator data sharindvul-
space for realizing IDFS as an in-memory inter-deviagple applications using the same accelerator are isolated
shared file system for hybrid CPU-GPU architectures. and cannot access each others’ data in the accelerator’s
. memory. Sharing is thus implemented via redundant stag-
1 The case for better abstractions ing of the data to a CPU.
Problem: lack of I/O capabilities. Accelerators cannot
Recent years have seen increasirigferogeneousys- nitiate 1/0 operations, and have no direct access to the
tem designs featuring multiple hardware acceleratogspy memory. Thus, the data for accelerator programs
These have become common in a wide variety of sygyst be explicitly staged to and from its physical memory.
tems of different scales and purposes, ranging from €Mmplication 1: no dynamic working setThe hosting
bedded SoC, through server processors (IBM PowerMB)ocess must pessimistically transfer all the data the ac-
and desktops (GPUs) to supercomputers (GPUs, Cledferator would potentially access, which is inefficient fo
Speed, IBM Cell). Furthermore, the “wheel of reincarngppjications with the working sets determined at runtime.
tion” [8] and economy-of-scale considera.tions are driVi”glmplication 2: no inter-device sharing supporro-
toward fully programmableaccelerators witharge mem- o-ams employing multiple accelerators need the host-
ory capacity such as today’s GPUs ing process to implement data sharing between them by
Despite the growing programmability of acceleratorgyeans of CPU memory.

developers still live in the “medieval” era of explicitlypoplem: no standard inter-device memory model.

asymmetric, low-level programming models. Emergingecelerators typically provide a relaxed consistency
development environments such as NVIDIA CUDA ang,oqe| [1] for concurrent accesses by a CPU and an ac-
OpenCL [1] focus on the programming aspects of theyerator to its local memory. Such a model essentially

accelerator hardware, but largely overlook its interagsces memory consistency at the accelerator invocation
tion with other accelerators and CPUs. In that contextq termination boundaries only.

they ignore the increasing self-sufficiency of accelemtor_lmpncaﬂon: no long-running accelerator programs.

and lock the programmers in an asymmetric CPU-CeNtiie cojerator programs have to be terminated and restarted
model with accelerators treated as co-processors, secqﬂpé CPU before they can access newly staged data

class cmzenshundﬁr C(I;’U control.. ) Implication: no forward compatibility Programs using
We argue that this idiosyncratic asymmetric prograngs njieit synchronization between data transfers and accel

ming model has destructive consequences on the PPy, inyocations will require significant programming

grammability and efficiency of accelerator-based SysteM%orts to adapt to more flexible memory models likely
Below we list the main constraints induced by this asyms pacome available in the future

metric approach.

2NVIDIA GPUs enable dedicated write-shared memory regions in
INVIDIA GPUs support up to 64GB of memory. the CPU memory, but with low bandwidth and high access latency.
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Despite its shortcomings, asymmetry appears to be egeh as accelerated encryption, without changing existing
sential at the hardware level and will probably long renodules or staging data to a CPU. Modules communicate
main so. But does that mean we are destined to struga files on IDFS, which automatically optimizes the data
gle with this restrictive programming model dictated biransfers among the devices.
the hardware? We argue to the contrary; we believe tirarsistent stateof accelerator programs can be main-
asymmetry is yet another low-level hardware property thained on IDFS across multiple invocations of processing
can be hidden behind higher-level OS abstractions. Tiasks. This may be required, e.g., for machine learning
key to a solution is in providing efficient mechanisms falgorithms that update the state and use it in later invoca-
data sharing among accelerators and CPUs. tions. Without IDFS, the state would have to be moved

We propose the abstraction of anter-Device shared from and to a CPU for each accelerator invocation, or a
File System (IDFS) with a single name space spanning dfhng-running CPU service would have to be implemented
accelerators and CPUs in a single computer. IDFS pto-avoid loss of the accelerator’s state at the module’s
vides a standard open/read/write/close interface to all paoundaries.
ticipating devices, with well-defined data access semanAll of these scenarios illustrate the strong need for a data
tics. Any device can create new files, or read and wrigdaring abstraction. In the following, we justify our par-
files created by others. Thus, IDFS effectively eliminatéisular choice of a file system to serve that purpose.
the accelerator’s dependence on a CPU hosting progess .
to organize and transfer data for accelerator applicatiéls Why file SyStem?

Data location and structure are completely hidden, allow-

ing for system-wide data transfer optimizations, which isour main Igoal IS to grg";'tjthg hardware couFllng be-
impossible in today’s application-specific solutions. tween accelerators an S by treating accelerators as

self-contained processors capable of producing and con-

To highlight the benefits of IDFS for programmers Wguming data independently of other devices.

next consider a number of usage scenarios common in aq.— . ) : : . :
his goal is translated into the following design require-
celerator systems today. We shall speculate about futH]re

) : ents:
usage in Section 6.
e same name space, identical I/O interface and access
2 Usage scenarios semantics for all devices;
e data persistence; and
We use a simple online system for image processinge high performance parallel I/O operations.

as a running example. The system executes a typica| file system abstraction naturally meets these require-
four-stage computing cycle which includes storing the Uients. However we also considered several design alter-
loaded data to a file, adding the processing task to a tagkives:

gueue for _deferred processing,_execu_tion_ on accelerag_mp abstraction implies emulating a single homoge-
and reporting results back. This application can bengffoys SMP virtual machine over all processors in the sys-
from IDFS in a number of ways. tem and presenting each accelerator as one or more stan-
Standard CPU toolsfor post-processing the output argiard CPUs [7]. This approach is currently infeasible in
trivially enabled by mounting IDFS as any other VFSaccelerators because of their loose coupling with the main
compliant file system. Moreover, NFS or SMB can bepu, low serial program performance, and lack of sup-
used expose IDFS data to remote machines, avoiding g3rt for 1/0 and programmable virtual memory.

plicit multi-hop data transfers, and allowing thrid-partghared memory abstractionis convenient for tightly
transfers between accelerators in different machines. coupled parallel applications but is often too low level,
Simple 1/0, such as event logging from accelerator premd cannot be seamlessly integrated with today’s accel-
grams, can be trivially implemented, unlike the state-dérators. A fine grain symmetric shared memory imple-
the-art today. Logs on IDFS can be read by standard mefentation is impractical because of the slow communica-
itoring tools thus facilitating standalone acceleratar-prtion and relaxed memory consistency model of today’s de-
gram integration into larger systems. vices. Recently ansymmetricCPU-centric shared mem-
Legacy-accelerator program cooperation can be ory for GPUs has been proposed [5], but its asymmetric
achieved without requiring a CPU wrapper for dafgrogramming model is exactly what we want to avoid.
staging. The web server simply writes the uploaded filesix pipes abstraction Pipes facilitate data sharing in
directly to IDFS. The accelerator program is invoked latgtreaming applications with multiple concurrent data fil-
by the queuing system and uses IDFS /O to read thegns, potentially enabling integration of acceleratorgim
and write the results back. flow [4]. Pipes, however, do not provide persistence or
Intra- and inter-accelerator sharing allows extend- random selective data access, nor do they enable temporal
ing the existing processing pipeline with new moduledecoupling of data generation and consumption.



Our choice of a file system abstraction has also been GPU % EA
inspired by the UNIX everything-is-a-file principle, which
has proved extremely useful for providing a unified, well-
defined interface to a variety of heterogeneous systems !
Avoiding new interfaces enables all existing tools for file
I/0O on a CPU to be used in conjunction with accelerators.
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The file system’s high-level interface with explicit data GPU_
access enables a variety of implementation options. It can |k CPU/GPU

Write-shared region

be exposed to accelerator programs by the device drivers
and to CPU applications via a standard interface such as

VES layer implemented in the OS FS driver. Alterna- GPU RAM S
tively, either one of these can be realized via a user-mode

library to allow gradual adoption. Figure 1: High level design of IDFS on CPU-GPU hybrids.

Notably, a file system does not substitute and may com-
plement other solutions, including those above. Howevawlt tolerance.
the actual functionality, extensibility, performance anBeterminism. Well-defined explicit session boundaries
programming appeal are greatly influenced by the chos#low one to reason about concurrent accesses, enabling
data access semantics, which will be discussed next. deterministic behavior as was demonstrated by Determi-

. nator OS [2].
4 Access semantics Our initial implementation of IDFS in a CPU-GPU sys-
tem illustrates its feasibility and relies heavily on regh

Data sharing designs with strongly consistent mongon, as we next discuss.
lithic data images are destined for extinction. Emerg-
ing software and hardware systems abandon this ap- Implementing IDFS for GPUs
proach [3, 2]. IDFS is no exception.

IDFS providessession semanticfs, 10] (aka fork-  The focus of our ongoing work is the implementation of
join [2]) across different devicest the whole-file granu- IDFS in a real CPU-GPU hybrid system running Linux.
larity. Specifically, a session starts (ends) upon successfigre we briefly outline the main design choices. We also
termination of open (close) call. The result of concurrediscuss the limitations of current technology and how we
updates to the same file performed from different devicpsn to cope with them.
is a full version of one of them (one writer wins). All the A GPU is a massively parallel processor for executing
writes performed by a process on a device become visiestly SPMD-style parallel programs callkernelswith
ble only wherthe file is openedn a reading devicafter thousands of fine-grain threads. The program is executed

Replica

being closed successfulby the writing device. directly on the hardware and managed by the GPU driver.
There are several reasons for choosing such expliciigure 1 presents the main components of IDFS. The file
coarse-grain semantics. system is replicated: replicas occupy a part of the physical

Usability.  Accelerator applications with producersmemory of each device. Such design is dictated by the
consumers, master-worker style workloads are natura®PU’s inability to initiate 1/0 during the kernel execution
supported. In fact, all the examples in Section 2 folloand also avoids slow CPU-GPU communications by using
this pattern. Such workloads are likely to dominate atocal replica for all I/O operations.

celerator applications as long as the accelerators remaih replica comprises the file system data and metadata.
loosely coupled with CPUs. File system daemons (IDFSd) for all replicas run on a
Feasibility. Data sharing is practical even in the face dEPU and synchronize the replicas to ensure IDFS’ ses-
weak inter-device consistency. Thus, session semangit® semantics.

will also enable sharing in future systems comprising &GPU programs that require file system access are in-
mixture of tightly and loosely-coupled devices. voked via execution daemon (Execd) and use IDFS API.
Performance and fault tolerance. Coarse-grain seman-CPU programs use standard I/O API, as explained below.
tics lends itself to efficient implementation usiogching Note that GPU does not (and cannot) run any daemon.
(or replication) of local operations to minimize the syn- The IDFS implementation can be logically divided into
chronization overhead over slow communication chafour layers (top-down)API layer for standard 1/O func-
nels. In fact, this has been one of the original motivatiotisns, OS layerfor managing open filesDFS driver, and

for such semantics in AFS and Coda [6, 10]. Furthettata storefor internal memory management.

more, using state replication inside a single machine, a§he CPU IDFS driver implements a standard VFS in-
advocated by Barrelfish [3], contributes to scalability andrface. Thus, IDFS can be mounted to the user space as



any other VFS-compliant file system, and take advantagslote thatthe protocol is intrinsically asymmetricBut

of the standard OS implementation of higher layers. this asymmetry is hidden by the IDFS implementation.

contrast, for GPU all four layers have to be implementedlso, it is the only placevhere the file system design dis-
. . tinguishes between accelerators and CPUs.

5.1 IDFS /O implementation on GPU This design allows for various performance optimiza-

tions, such as caching read-only data, incremental up-

: In GPUs thousands of concurr_ent threads, some runn ac{es, and eliminating redundant transfers of data gener-
in lock step, may open, read, write and close the same fl 2

' : ) ated on the GPU and never accessed by a CPU.
Such massively parallel nature raises several issues.

Intra-devi tics. What should th tics b The protocol works well with a single accelerator. How-
ntra-device semantics. at shou € semantics D&, o 5 straightforward multi-GPU extension is inefficient.

for the threads r.unning on the same device? Even Wq_aa{%y synchronization becomes impossible becaalse
seSflﬁslsDeI??SBs mgg ZOI aIwa)is% be fea5|blef. Only EPUs must have their replicas synchronized before they
cen s added support for memory fences ig, executing their kernels. We are working on alleviat-

make updates by one thread visible to others, and th‘f‘r? this limitation by updating only the files that will be

desi hreads sh h . The metadata for the GPU replica resides in the write-
Open_. In our eS|gn.,.GPU t reads share t € same Hﬂared region of the CPU memory, and is thus accessible
descriptor table. Intuitively, massive contention whea tl?O oth CPU and GPU. By placing it in the CPU memory
same file is being opened by all threads cou!d be aVOiqﬁgbspeed up frequent CPU operations such as directory
by letting only one thread to actually open It Unfortuﬁsting that can thus be performed without high-latency
nately, the execution order of the t_hread_s in a GPU d5, memory transfers. On the other hand, the GPU per-
non-deterministic, and no global barrier exists to synehr. rmance remains almost unaffected as the first open call

nize all the running threads. Thus, all threads intendingégches the file metadata in the GPU memory and updates
work with a file must explicitly open it. We neverthelesg only when the file is closed

apply some techniques to reduce contention.
Close.According to the session semantics, the close fufe3 Data store

tion should push an update to other devices. However

if the file is concurrently opened in many threads, WhenFiles in IDFS can grow and shrink dynamically after

should this update be propagated? We choose to do-&g@tion. making the use of contiguous memory chunks

once the file is no longer open on any of the GPUthreaa‘%r. each file problematic. Instea_td, We use a blOCk.'
We maintain the number of threads holding the file Opeﬁructured memory pool thus enabling files to span multi-
and when it reaches zero the update is propagated. ple bIQCk_S' L . .

Parallel I/0. GPU applications will not do well to heav- Achieving fast data synchronization with other repli-

ily rely on standard read and write operations becauseC$1S Is guite challenging. If the blocks were allocated 1o

the contention this would induce on the file pointer. 'I%es without coor_dinating.allocation between the repli-
alleviate this contention, we support reatdand writeat cas, each block in a replica would have to be synchro-

operations, allowing quick random access to the data. nized separately. This would be detrimental to perfor-
mance because a CPU does not have scatter/gather ca-

5.2 State replication pabilities for transferring data to a GPU. Larger blocks
would ease the overhead per data unit but would increase
The lack of I/O capabilities implies that an acceleratorfsagmentation, which is particularly undesirable in small
local IDFS replica must be up-to-date by the time the filized FS. On the other hand, coordinating each block al-
is opened by the accelerator program. The CPU replit@cation between the replicas is not practical. Our choice
on the other hand, can be synchronized on demand. Thgigp partition the blocks between the devices (statically
the replica synchronization is performed by a CPU upan dynamically), so that each device uses its own memory
its open and close operations. Namely, the changes in #flecation pool. Concurrent updates of the same block in
GPU's replica are retrieved when the file is opened orsaveral replicas are overwritten by data from a single win-
CPU, and the updated data is pushed back to the GRig replica. Files may grow on any device, hence they
when the file is closed. On the other hand, GPU open amdy occupy blocks belonging to different devices. This
close involve no CPU-GPU communication. complicates the deletion process and file shrinking: we
In order to comply with the session semantics, closimp not commit freed blocks of other replicas until the next
the file on the CPU must be delayed until the GPU correplica synchronization.
pletes the kernel execution. Otherwise, the GPU may hav&he design could be simplified if only the device which
an inconsistent view of its replica. created a file would be allowed to update it. However, be-



sides restricting the functionality, such design would ealone powerful devices (e.g., NVIDIA Optimus technol-
courage creation of small files thereby increasing spamgy). At any moment the one with the best power-
fragmentation. performance balance is selected for a given workload, and
Memory mapped 1/O. File I/O operations effectively the other is powered off. IDFS may be particularly con-
copy data between a user buffer and the IDFS mewenient to transparently share data between integrated and
ory space, which could be avoided by using memosyand-alone devices.
mapping. Unfortunately GPU does not expose any proFinally, peripheral devices such as programmable NICs,
grammable virtual memory, thus requiring IDFS implesameras and even persistent storage controllers may ben-
mentation to provide this functionality. Memory mappegfit from direct 1/O to accelerators, and such hardware is
files are allocated a contiguous fixed set of blocks, reshbcoming available (e.g., NVIDIA direct I/O with Infini-
fling other blocks if necessary. band cards). IDFS may provide the missing glue software
layer to take advantage of this functionality.

A second question one may ask Miill the choice of
rﬁession semantics remain unchangddii2 above reason-

in a multiuser system. The VFS-compatible interfadgY suggests an affirmative answer. Tighter coupling will

of IDFS enables standard OS mechanisms for CPU ppa‘:"ke more frequent data. u.pdates. possible, but the advqn—
cesses. Accelerators today have no programmable m qee of coarse-grain explicit consistency Cof‘”o.' is that i
ory protection mechanisms, thus providing no way f gaves the decision about when to synchronize in the pro-

preventing unauthorized access to the FS data directlygét’?mmerS hands. While the implementation will most

memory. It is not clear whether such mechanisms V\)ill _?ly change, the 'Etel.rfacetxv'ltl trr(]amfr_:}ln mte;ct. bstract
become available. o conclude, we believe that the file system abstraction

Large files cannot be stored on IDFS if their size excee fgr data she}rmg betwgen dewce; in a single system hplds
the physical memory of the devices. Similarly, scalin /gh potential to drastically simplify the programming in

to multiple accelerators is problematic because full IDF terogeneous systems by hiding their asymmetry. Also,

. . X |tfmay naturally serve a glue layer between different com-
replica should fit the physical memory of every one o ) :
onents in the future system. Our proof-of-concept im-

them. This problem has no efficient solution today b&Y . .
cause accelerators cannot initiate 1/0, but is likely to lg)(laementatmn for CPU-GPU hybrids is under way.
resolved in more tightly coupled systems when such P!—‘eferences

come available.

5.4 Open questions

Access controlis imperative for any sharing mechanis
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